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Previously, we found that the conversion of hemoglobins (Hbs) from the larval to the adult type occurred within a single
erythroid cell population in a salamander, Hynobius retardatus (“Hb switching” model), whereas the transition involves
replacement of red-blood-cell (RBC) populations (“RBC replacement” model) in many amphibians (M. Yamaguchi, H.
Takahashi, and M. Wakahara, 2000, Dev. Gene Evol. 210, 180–189). To further characterize the Hb transition, develop-
mental changes in the erythropoietic sites have been intensively analyzed using larval- and adult-specific globin antibodies
and globin and GATA-3 RNA probes. Cells of the ventral blood island (VBI) and the dorsolateral plate (DLP) in embryos
differentiate in situ to erythroid cells that contain larval globin mRNA, suggesting that both the VBI and the DLP contribute
o “primitive” erythropoiesis. In contrast, the expression pattern of the GATA-3 gene suggests that cells of the DLP may
ontribute to “definitive” hematopoiesis. In order to determine whether it is possible to define a definitive erythropoiesis
n H. retardatus or not, further experiments were done: (1) when metamorphosing larvae were treated with phenylhydrazine
o induce anemia and then bled at the postmetamorphic stage after recovery from the anemia, a precocious Hb transition
as observed in these animals; (2) an RBC population expressing only adult Hb was confirmed by subtracting the number
f RBCs expressing larval Hb from the total number of RBCs during metamorphosis. All these results support the existence
f a definitive erythroid cell population that contributes only adult RBCs in this species. © 2001 Academic Press
Key Words: primitive and definitive erythropoiesis; Hb transition; GATA-3; salamander; globin gene; induced anemia;
henylhydrazine; metamorphosis.D
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Hematopoiesis in vertebrates is believed to occur in two
distinct phases, termed primitive and definitive, based on
the timing and site of RBC development, morphology,
globin content, and their potentialities to differentiate
(Zon, 1995). In mammals and chicken, primitive erythro-
cytes are produced predominantly in the extraembryonic
yolk-sac blood island, while definitive blood cells, repre-
senting all blood-cell lineages, arise predominantly from
the intraembryonic aorta-gonad-mesonephros (AGM) re-
gion (Dieterlen-Lie`vre and Martin, 1981; Medvinsky and
1 Present address: Daiichi Pharmaceutical Co., Ltd., Tokyo R and
D Center, Discovery Research Laboratory, 16-13, Kita-Kasai
1-Chome, Edogawa-ku, Tokyo 134-8630, Japan.
2 To whom correspondence should be addressed. Fax: 181-011-
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204zierzak, 1996). Similarly, primitive erythrocytes are de-
ived from the ventral blood island (VBI, a functional
quivalent of the yolk sac) in frogs, while definitive eryth-
ocytes originate mainly from the dorsolateral plate (DLP,
quivalent to intraembryonic AGM) (Turpen et al., 1997),
lthough cells of the VBI contribute to adult erythropoiesis
o some extent (Mae´no et al., 1985a,b; Rollins-Smith and
lair, 1990). In many fishes, however, there is no extraem-
ryonic erythropoiesis. In zebrafish, both primitive and
efinitive blood cells arise exclusively from the intraembry-
nic intermediate cell mass (ICM) (Detrich et al., 1995;
aruyama et al., 1999). In contrast, there have been few
tudies that have investigated the possible contribution of
he ventral and dorsal mesoderm to primitive and definitive
rythropoiesis in urodelan amphibians (Grasso, 1973a,b), a
ajor lower vertebrate.
Along with the transition from primitive to definitiveematopoiesis, the hemoglobin (Hb) transition occurs
0012-1606/01 $35.00
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lFIG. 1. Whole-mount in situ hybridization of an embryo of Hynobius retardatus at stage 34 with antisense larval b-globin probe. (A)
V-shaped ventral blood island (VBI) is stained clearly. (B) Cross section of the specimen shown in A at the level indicated by a dashed line
b. Many erythroid cells colonize the VBI expressing larval b-globin transcript. Bars: 1 mm (A); 100 mm (B).
FIG. 2. In situ hybridization of embryos at stage 37/38 with antisense larval b-globin probe, performed to the whole-embryo (A) or
ectioned specimens (B–D) made of different embryos from A. (A) Ventral view of the whole embryo treated with larval b-globin probe.
-shaped VBI can still be observed (arrowheads). (B) Sectioned specimen of the VBI, at the level corresponding to the dashed line b in A.
rythroid cells expressing larval b-globin gene are nested in the VBI. (C) Anterior region of the DLP, at the level corresponding to the dashed
ine c in A. Erythroid cells stained positively with larval b-globin probe are detected (arrowheads). (D) Posterior region of the DLP, at the
level corresponding to the dashed line d in A. Erythroid cells expressing larval b-globin gene are observed, but only a few (arrowhead). Bars:
1 mm (A); 100 mm (B).
205
h
b
t
m
g
t
a
m
a
i
H
t
v
e
m
s
e
d
b
T
w
t
r
g
206 Yamaguchi and Wakaharaduring metamorphosis under the influence of thyroid
hormones in many amphibian species (Hourdry, 1993).
The Hb transition involves the replacement of the larval
RBC population with adult RBCs in many species [“RBC
replacement” model; in Rana pipiens (Hollyfield, 1966);
in R. catesbeiana (Dorn and Broyles, 1982; Hasebe et al.,
1999; Just and Klaus-Just, 1996; Moss and Ingram, 1968);
in Xenopus laevis (Weber et al., 1989; Tamori and Waka-
ara, 2000)]. In Hynobius retardatus, however, it has
een reported that the conversion of RBCs from the larval
o the adult type occurs independently of thyroid hor-
ones, but depends on certain activity of the pituitary
land (Satoh and Wakahara, 1997, 1999), and the Hb
ransition from the larval to the adult type occurs within
single erythroid-cell population (“Hb switching”
odel, Yamaguchi and Wakahara, 1997; Yamaguchi et
FIG. 3. In situ hybridization of an embryo at stage 41 with antise
pronephros. Positively stained erythroid cells are observed (arrow
Some erythroid cells expressing larval b-globin gene are observed (a
the larval b-globin gene. Bar: 100 mm.l., 2000). Due to this unique Hb-transition mechanism, m
Copyright © 2001 by Academic Press. All rightt is at present totally unclear whether erythropoiesis in
. retardatus can be divided into the two phases, primi-
ive and definitive hematopoiesis. From this point of
iew, it is absolutely necessary to identify the sites of
rythroid-cell differentiation using reliable molecular
arkers such as globin and GATA-family genes, which
equentially regulate vertebrate hematopoiesis (Kulessa
t al., 1995; Visvader et al., 1995), because primitive and
efinitive blood cells can generally be distinguished
ased on the sites from which they arise (Zon, 1995).
hus, we cloned Hynobius GATA-3 cDNA and analyzed
hen and where hematopoiesis and terminal differentia-
ion of erythroid cells occurred in embryos or larvae of H.
etardatus, judging from the spatiotemporal expression of
lobin and GATA-3.
If “definitive” erythroid cells exist in H. retardatus, it
arval b-globin probe. (A) Anterior region of the DLP including the
) around the pronephric tubules. (B) Posterior region of the DLP.
heads). (C) The liver colonized by many erythroid cells expressingnse l
heads
rrowust be possible to prove the existence of an RBC popula-
s of reproduction in any form reserved.
t207Erythropoiesis in the SalamanderFIG. 4. (A) Nucleotide and deduced amino acid sequences of Hynobius GATA-3 cDNA clone. The 2260-bp insert includes DNA-binding
zinc-finger region (underlined). Since the insert lacks a poly(A) tail, it may lack the 39 terminal sequences to some extent. Stop codon is
shown by an asterisk. (B) Deduced amino acid sequences of the zinc-finger region in Hynobius GATA-3 are compared with those of mouse,
chick, Xenopus, and zebrafish. These sequences are highly conserved, and the similarity of the Hynobius GATA-3 zinc-finger region to
hose of other species is about 90%. Asterisks indicate common amino acid residues among 5 vertebrate species.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
v
r
t
p
t
t
i
o
a
c
s
i
s
A
a
T
P
w
h
h
b
p
c
s
h
w
s
6
b
D
d
c
r
w
c
a
L
s
l
1
a
b
h
I
d
m
208 Yamaguchi and Wakaharation that expresses exclusively adult Hb from the beginning
of erythroid-cell differentiation, because “primitive” ery-
throid cells express larval Hb at first, and later begin to
express adult Hb, but definitive erythroid cells are expected
to express only adult Hb from the beginning. For this
purpose, three experiments were conducted. In the first, the
Hb transition was precisely reexamined in thyroid
hormone-treated, precociously metamorphosed animals
and in goitrogen-treated, metamorphosis-arrested larvae
using SDS–PAGE. The second experiment used animals
recovering from anemia induced by phenylhydrazine (PHZ):
When amphibian larvae are treated with PHZ, a severe
anemia is induced, and almost all RBCs disappear from
peripheral circulation (Weber, 1996). If the Hb transition is
accompanied by a replacement of the larval (primitive) RBC
population by the adult (definitive) population, artificial
anemia induced by PHZ treatment results in a precocious
Hb transition (in Rana catesbeiana, Flores and Frieden,
1972; in Xenopus laevis, Widmer et al., 1983). In order to
ascertain whether a precocious Hb transition is induced as
well in H. Retardatus, which is known to show Hb switch-
ing of larval- to adult-type Hb within a single erythroid cell,
the Hb transition was monitored in animals recovering
from anemia induced by PHZ treatment during and after
metamorphosis. In the third experiment, one of two con-
secutive sections of the spleen was stained with larval Hb
antibody, and the other was stained with mixed antibodies
for larval and adult Hbs. The possible existence of an RBC
population that expressed adult Hb exclusively was thus
ascertained by subtracting RBCs expressing larval Hb from
those expressing both larval and adult Hbs. The results of
all these experiments suggest that an RBC population that
expresses only adult Hb, that is, definitive RBCs, emerges
from the DLP during metamorphosis induced by thyroid
hormones.
MATERIALS AND METHODS
Animals. Sexually mature adult males and fertilized eggs of
Hynobius retardatus were collected from several ponds in the
icinity of Sapporo during the breeding season. The embryos,
eleased from their egg sacs, were reared in tap water at room
emperature (control), with 0.02% thiourea and 0.04% sodium
erchlorate (TU-SPC) to arrest metamorphosis, or with 1 3 1029 M
riiodothyronine (T3) to promote metamorphosis. Embryos and
larvae were staged according to the normal table for H. nigrescens,
a species closely related to H. retardatus (Iwasawa and Yamashita,
1991).
PCR amplification of cDNAs encoding GATA-3. In order to
amplify the cDNA fragments of Hynobius GATA-3, PCR was
carried out using the Hynobius larval-RBC cDNA library as a
template. The sequences of the degenerate primers used were as
follows: forward, 59-GA(A/G)TG(C/T)GTNAA(C/T)TG(C/T)GG-
39; reverse, 59-CC(A/G)CANGC(A/G)TT(A/G)CANAC-39 or 59-
GT(C/T)TG(A/G/T)ATNCCNTC(C/T)TT-39. Using a part of the
products from the first amplification as a template, nested PCR was
carried out. The sequences of degenerate primers used for this
nested PCR were as follows: forward, 59-GTNAA(C/T)TG(C/T)G-
Copyright © 2001 by Academic Press. All rightGNGCNAC-39; reverse, 59-GC(A/G)TT(A/G)CANACNGG(A/
G)TCNCC-39. In every case, PCR was carried out as follows: 30
cycles of 94°C for 1 min, 50°C for 2 min, and 72°C for 3 min. The
amplified fragments were subcloned into the EcoRV site of the
plasmid pBluescript II SK (2) (Stratagene). The sequences of these
fragments revealed that zinc-finger regions resembling those of
GATA-3 in other species had been amplified by the PCR. An ABI
PRISM autosequencer with a dye primer cycle sequencing kit
(Perkin–Elmer) was used to read the sequences.
Isolation of cDNA clones of GATA-3. The candidate cDNA
fragments were labeled with [32P]dCTP by random priming. Using
hese as probes, the larval-RBC library was screened. The clones
solated were subcloned into pBluescript II SK (2), and both strands
f the clones were determined using the autosequencer described
bove.
In situ hybridization. Whole-mount in situ hybridization was
arried out using procedures modified from Harland (1991). Fixed
amples of stage-41 larvae were treated with 10 mg/ml Proteinase K
n PBS–Tween for 15 min at 37°C after hydration. When the
amples were younger than stage 41, this treatment was omitted.
fterward, the samples were treated with triethanolamine and
cetic hydrate and postfixed with 4% paraformaldehyde in PBS–
ween for 20 min. When the samples were not treated with
roteinase K, this step was skipped. After being washed 5 times
ith PBS–Tween for 5 min, the specimens were treated with
ybridization buffer: PBS–Tween 5 1:4 for 5 min, hybridization
buffer at 60°C for 10 min, and another hybridization buffer at 60°C
for more than 1 h (prehybridization). The hybridization buffer
contained 53 SSC, 50% formamide, 100 mg/ml tRNA, 13 Den-
ardt’s solution, 0.1% Tween 20, and 5 mM EDTA. After prehy-
ridization, the samples were hybridized with DIG-labeled RNA
robes at a concentration of 1–3 mg/ml at 60°C overnight. In the
ase of GATA-3, the probes were synthesized against part of each
equence, and then probes of 1479 nucleotides were made. After
ybridization, the specimens were washed sequentially and treated
ith 40 mg/ml RNase A (Sigma) at 37°C for 30 min. Thereafter, the
amples were washed 3 times with 0.23 SSC/0.05% Tween 20 at
0°C for 30 min and twice with PBS–Tween for 5 min. After
locking and reaction with alkaline phosphatase-conjugated anti-
IG antibody (1:2000, Boehringer) at 4°C overnight, color was
eveloped using nitroblue tetrazolium (NBT) and 5-bromo-4-
hloro-3-indolyl phosphate (BCIP) as chromogens for the color
eaction. In order to observe these specimens histologically, they
ere refixed with Bouin’s fixative, and standard histological pro-
edures were performed.
Hb immunostaining. The spleen was fixed with an ethanol–
cetic acid (3:1) mixture and embedded in Tissue-Prep (Fischer, Fair
awn, USA). One of two consecutive 5-mm-thick sections was
tained immunohistochemically using a polyclonal antibody to
arval Hb (Pab–HbL, diluted 1:3000; Yamaguchi and Wakahara,
997) at 4°C for 30 min. The other was stained with mixed
ntibodies with Pab–HbL (diluted 1:3000) and monoclonal anti-
ody to adult Hb (Mab–HbA, diluted 1:500; Yamaguchi and Waka-
ara, 1997). Horseradish peroxidase-conjugated goat anti-mouse
gG (diluted 1:500) was used as a secondary antibody, and 3,39-
iaminobenzidine tetrahydrochloride (DAB) was used as the chro-
ogen to detect the reaction with H2O2.
SDS–PAGE. Procedures for preparation of hemolysates from
larvae and juveniles have been described previously (Arai and
Wakahara, 1993; Wakahara and Yamaguchi, 1996). Sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) was per-
formed according to Laemmli (1970), using 15% separating gels. All
s of reproduction in any form reserved.
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209Erythropoiesis in the Salamanderelectrophoresed gels were stained with Coomassie brilliant blue.
Electrophoretic patterns were photographed, and the transition of
globin subunits from the larval to the adult type was analyzed by
estimating the percentage of larval to total globins using a com-
puterized image analyzer (NIH-Image).
Induction of anemia. In order to examine the extent of the Hb
ransition in animals recovering from anemia, PHZ treatment and
DS–PAGE analysis were performed. Larvae on day 29 and 38 after
atching were placed in water containing 0.8 mg/ml PHZ for 4 h
nd then transferred to PHZ-free water. Twenty days after the PHZ
reatment (49 days posthatching, almost all animals metamor-
FIG. 5. In situ hybridization of embryos at stage 39 using GATA
ATA-3 probe. The DLP region is clearly stained (arrowheads). (B) L
ignals are detected at all. (C) Cross section through the DLP regio
he cells of the DLP are positively stained. (D) Cross section throu
dashed line d. Cells of the ventral region are not stained. Bars: 1hosed, and 58 days posthatching, postmetamorphic juveniles), a
Copyright © 2001 by Academic Press. All rightblood sample was collected from each animal, and Hb patterns
were analyzed by SDS–PAGE.
RESULTS
Transition of Erythroid-Cell Differentiation Sites
At tailbud stage (stage 34), the VBI was intensely stained
with the larval b-globin RNA probe in whole-mount
samples (Fig. 1A). The VBI was V- or Y-shaped; the anterior
obe. (A) Lateral view of the whole embryo treated with antisense
al view of the whole embryo treated with sense GATA-3 probe. No
he specimen shown in A at the level indicated by a dashed line c.
e VBI region of the specimen shown in A at the level indicated by
(A, B); 100 mm (C, D).-3 pr
ater
n of t
gh thportion was forked a little laterally and fused into a ventro-
s of reproduction in any form reserved.
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210 Yamaguchi and Wakaharamedial line posteriorly. The VBI was not stained at all with
the sense probe (data not shown). The cross section of the
stained whole-mount sample clearly showed that the me-
soderm, but not the ectoderm, was responsible for the
staining (Fig. 1B). The DLP was not stained at stage 34. At
stage 37/38, the VBI was still recognizable with the larval
b-globin RNA probe (Figs. 2A and 2B). In addition, cells of
the DLP had also become intensely stained; some larval
globin-expressing erythroid cells had colonized the anterior
DLP region (Fig. 2C), and a few erythroid cells were ob-
served in the posterior DLP region (Fig. 2D). In other words,
both erythropoietic sites were active in producing RBCs
concomitantly at stage 37/38. At stage 41, just before
hatching, the DLP was stained more clearly with the larval
b-globin RNA probe. Many larval globin-expressing ery-
throid cells were observed in the pronephros (Fig. 3A), in the
posterior DLP (Fig. 3B), and in the liver (Fig. 3C). In contrast,
positive signals in the ventral mesoderm had almost disap-
peared at this stage. These results indicate that RBCs
proliferate and differentiate in the DLP region in situ, as
ell as in the VBI, during early developmental stages. In
FIG. 6. Electrophoretic profiles showing Hb transitions of
goitrogen-treated, T3-treated, and control animals. The larvae were
treated with thiourea and sodium perchlorate (Goitrogen), triiodo-
thyronine (T3), or were left untreated (Control) from eight days after
hatching. (A) Hb patterns at 26 days after hatching. The electro-
phoretic profiles of both goitrogen-treated animals and controls are
almost typical of the larval type, although adult bands are faintly
detected (arrowheads). On the other hand, the electrophoretic
profiles of T3-treated animals demonstrate that adult bands are
detected more clearly (arrows), suggesting that the Hb transition
has been accelerated in these animals when compared with the
goitrogen-treated animals and the controls. (B) Hb patterns at 66
days after hatching. Both controls and goitrogen-treated animals
show intermediate Hb patterns. However, the Hb pattern in control
animals is more advanced than the pattern in goitrogen-treated
animals, typically indicated by comparing the amount of L1 band
between both groups (arrowheads).ther words, the cells of the DLP contribute to primitive
Copyright © 2001 by Academic Press. All rightjudging from the point of view of globin content) erythro-
oiesis.
Temporal and Spatial Expression Patterns
of GATA-3
In order to obtain molecular probes for hematopoietic
cells, we isolated Hynobius GATA-3 cDNA clones from a
FIG. 7. Hb transition in animals recovering from PHZ-induced
anemia. (A) SDS–PAGE analysis of hemolysates. Typical larval (TL)
and typical adult (TA) Hb patterns can be distinguished. Animals
were treated with PHZ (1) or untreated (2) for 4 h at indicated ages
described as days after hatching. They were bled 20 days after the
PHZ treatment. At the time of bleeding, every animal had meta-
morphosed except one individual. (B) Quantitative analyses of the
electrophoretic profiles shown in A. The ratio of the L1 band
[larval; indicated with arrowhead in (A)] to all globin bands was
measured using a computerized image analyzer (NIH-Image). The
Hb transition is significantly more accelerated in the PHZ-treated
animals compared with the controls at both stages. When the
animals are treated with PHZ 38 days after hatching, no L1 band is
detected in the hemolysates of these animals at the time of
bleeding. The numbers of analyzed animals are indicated on each
column. Paired groups a and b were compared by t test and were
significantly different from each other (a, P , 0.05; b, P , 0.01).
One of five animals had not metamorphosed at the time of
leeding.
FIG. 8. Electrophoretic profiles of hemolysates from control ani-
mals 60 days after hatching (lanes 2–4) and from metamorphosis-
arrested animals 90 days after hatching (lanes 5–7). There is no
difference between the two groups in the degree of completion of
the Hb transition. Lanes 1 and 8 show the typical larval and adult
patterns, respectively.
s of reproduction in any form reserved.
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211Erythropoiesis in the Salamanderlarval-RBC cDNA library. GATA-3 can be regarded as a
marker of definitive hematopoietic cells because GATA-3
is expressed in the DLP, but not in the VBI, at tailbud stage
in X. laevis (Bertwistle et al., 1996).
We isolated three clones of GATA-3. Every GATA-3
lone had identical sequences to one another and consisted
f 2260 bp (Fig. 4A). The GATA-3 clones possessed highly
onserved zinc-finger domains, suggesting that the Hyno-
ius GATA-3 genes isolated here have similar regulatory
oles in hematopoiesis as do those of other vertebrates. As
hown in Fig. 4, the GATA-3 clones lacked a poly(A) tail,
hat is, they lacked 39 terminal sequences to some extent.
he deduced amino acid sequences of the zinc-finger re-
ions in Hynobius GATA-3 were compared with those of
ther vertebrate species (Fig. 4B). About 90% similarity was
bserved for all vertebrate species compared.
Whole-mount in situ hybridization using an antisense
ATA-3 RNA probe showed that the GATA-3 gene was
xpressed in the DLP region, but not in the VBI region, at
tage 39 (Fig. 5A, arrowheads). The DLP was not stained at
ll with the sense probe (Fig. 5B). The cross section of the
tained, whole-mount sample showed that the cells of the
LP (Fig. 5C) but not of the VBI (Fig. 5D) intensely ex-
ressed the GATA-3 gene. Because the DLP already ex-
ressed and the VBI still expressed the larval globin gene at
tage 37/38 (Fig. 2), the expression of GATA-3 was almost
onsistent with that of larval globin in the DLP, but not
ith its expression in the VBI. When in situ hybridization
as performed at stage 34, neither the VBI nor the DLP
ere stained (data not shown), even though the VBI at this
tage was clearly stained with the larval globin RNA probe
Fig. 1). From these observations, it was tentatively con-
luded that GATA-3 expression was not necessary for
rythroid-cell differentiation in the VBI, but it was neces-
ary in the DLP.
The Hb Transition in Metamorphosis-Arrested and
Precociously Metamorphosed Animals
The expression pattern of GATA-3 indicated that the
erythropoietic properties of the DLP cells were different
from those of the VBI cells, suggesting that some of the DLP
cells might contribute to definitive hematopoiesis in H.
retardatus. In order to investigate this point, the effects of
thyroid hormone or goitrogen treatment on the Hb transi-
tion were examined by SDS–PAGE (Fig. 6). When the larvae
were treated 8 days after hatching with triiodothyronine
(T3) for 18 days, the Hb transition in these animals was
ccelerated compared with the controls (Fig. 6A, arrows). In
ontrast, no significant differences were observed between
he controls and goitrogen-treated metamorphosis-arrested
arvae during the early phase of the treatment (Fig. 6A). On
he other hand, when larvae were treated with goitrogens
or a long time, a short delay in the Hb transition was
bserved in the goitrogen-treated, metamorphosis-arrested
arvae (Fig. 6B, arrowheads). These observations suggest a
Copyright © 2001 by Academic Press. All rightossibility that there is an early phase of the Hb transition
hat is regulated independently of a later phase.
The Hb Transition in PHZ-Treated Animals during
and after Metamorphosis
From the results described above, it was assumed that the
Hb transition in H. retardatus consisted of an early, thyroid
ormone-independent and a later, thyroid hormone-
ependent phase. To obtain further information on thyroid
ffects on the Hb transition, an anemia was induced in
etamorphosing animals, and then the Hb transition was
nalyzed at a postmetamorphic stage. Metamorphosing
arvae were treated with PHZ for 4 h at 29 or 38 days
osthatching to induce anemia, and then bled after recov-
ring from the anemia, 20 days after the treatment at a
ostmetamorphic stage. Figure 7 shows typical electro-
horetic profiles of the PHZ-treated and control animals
rom each experimental group (Fig. 7A) and quantitative
nalyses of the degree of completion of the Hb transition
sing a computerized image analyzer (Fig. 7B). When the
arvae were treated with PHZ at 29 days after hatching, one
ut of five animals still had not completed metamorphosis
t 20 days posttreatment (i.e., 49 days after hatching).
lthough the metamorphosing individual did not show
vidence of a precocious Hb transition (data not shown), the
ther four PHZ-treated animals showed a more advanced
attern of the Hb transition than did the controls. The
ifference in the degree of completion of the Hb transition
etween the PHZ-treated and control animals was statisti-
ally significant (P , 0.05, Student’s t test). In the case of
the larvae that had been treated with PHZ 38 days after
hatching, all animals had completely metamorphosed at 20
days posttreatment (i.e., 58 days after hatching). All PHZ-
treated animals showed the typical adult Hb pattern, while
the controls showed an intermediate Hb pattern. The dif-
ference between the PHZ-treated animals and the controls
was significant (P , 0.01). These results suggest that PHZ
treatment accelerates the Hb transition during and after
metamorphosis, although it has no effect before metamor-
phosis begins (Yamaguchi et al., 2000).
RBC Population Expressing only Adult Hb
In order to confirm directly the existence of definitive
erythroid cells, which were expected to express only adult
Hb from the beginning of erythroid-cell differentiation, the
number of RBCs expressing larval Hb was subtracted from
the total number of RBCs that were stained with mixed
antibodies to larval and adult Hbs in normally metamor-
phosed juveniles (60 days after hatching) and in goitrogen-
treated larvae (90 days after hatching). The degree of
completion of the Hb transition was identical in the control
and goitrogen-treated groups (Fig. 8). In normal controls, the
number of RBCs expressing larval Hb (Fig. 9A) was much
smaller than the total number of RBCs (Fig. 9B). In contrast,
little difference was observed between the number of RBCs
s of reproduction in any form reserved.
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212 Yamaguchi and Wakaharaexpressing larval Hb (Fig. 9C) and the total number of RBCs
(Fig. 9D) in goitrogen-treated metamorphosis-arrested lar-
vae. The number of RBCs that expressed only adult Hb was
estimated by subtracting the number of RBCs expressing
larval Hb from the total number of RBCs in three experi-
mental and three control animals (Fig. 10). The percentage
of the RBCs expressing only adult Hb among the controls
was significantly larger than the percentage in
metamorphosis-arrested larvae (P , 0.05), suggesting that
a population of adult-specific RBCs appeared during and
after metamorphosis in the controls under the influence of
thyroid hormones, but not in the metamorphosis-arrested
larvae.
DISCUSSION
Both VBI and DLP Cells Contribute to Primitive
Erythropoiesis in H. retardatus
By in situ hybridization using larval b-globin RNA probe,
e have demonstrated that the sites of erythroid-cell differ-
ntiation change from the VBI to the DLP during early
evelopment in H. retardatus (Figs. 1–3). Although the VBI
as the sole erythropoietic site at tailbud stage (stage 34),
ells of the DLP began to differentiate in situ RBCs con-
aining larval globin at the gill-formation stage (stage 37/
8), and the contribution of the DLP to erythropoiesis
ncreased thereafter. In contrast, the contribution of the VBI
o later erythropoiesis had diminished by hatching (stage
2). Thus, both erythropoietic sites are active in producing
BCs concomitantly from stage 37/38 to stage 41 (see also
amaguchi et al., 2000).
This transition pattern in erythropoietic sites in H. retar-
atus is somewhat different from that found in other
ertebrate species. In mammals and birds, for example,
rimitive hematopoiesis occurs in the extraembryonic yolk
ac and primarily consists of erythrocytes. On the other
and, definitive hematopoietic cells are derived from the
ntraembryonic regions such as the dorsal mesentery, para-
ortic foci, and the anterior region of the mesonephros in
ssociation with the postcardinal vein and dorsal aorta in
irds (Martin et al., 1978; Dieterlen-Liv`re and Martin, 1981;
ieterlen-Lie`vre, 1993), and in the AGM region in mam-
als (Medvinsky et al., 1993; Medvinsky and Dzierzak,
996), although there are contrary reports claiming that
olk-sac stem cells provide all lineages of blood cells (Yoder
t al., 1997a,b).
Similarly, transplantation experiments in X. laevis have
emonstrated that hematopoiesis occurs in two waves:
rimitive blood cells are derived from the VBI, while
efinitive cells originate in the DLP (Turpen et al., 1997).
hese definitive cells migrate to the hematopoietic organs
nd differentiate there. The expressions of globin and
ATA-1 genes, terminal differentiation markers of ery-
hroid cells, are detected in the VBI of tailbud embryos
xclusively (Kelley et al., 1994; Bertwistle et al., 1996),
uggesting further that the VBI is the sole source of primi- u
Copyright © 2001 by Academic Press. All rightive erythroid cells in X. laevis. It has also been reported in
ana pipiens that primitive cells originate in the VBI and
he DLP cells contribute to definitive RBCs (Smith and
urpen, 1984). In Rana catesbeiana, however, it has been
uggested that the RBCs containing embryonic Hb originate
rom mesonephric kidney (Broyles et al., 1981; Maples et
l., 1983), so that it seems true that the DLP also contrib-
tes to primitive erythropoiesis in this species. In contrast,
here are no extraembryonic hematopoietic sites in many
shes. In zebrafish, both primitive and definitive blood cells
rise from the ICM (Al-Adhami and Kunz, 1977; Detrich et
l., 1995; Thompson et al., 1998). The GATA-2 gene is
xpressed throughout the ICM region of the zebrafish
mbryo, while the GATA-1 gene is not expressed in the
osterior ICM (Detrich et al., 1995; Thompson et al., 1998).
his expression pattern implies that the hematopoietic
ells of the posterior ICM remain in an undifferentiated
hase and contribute to definitive hematopoiesis in this
pecies.
In the present study, we demonstrated that cells of the
LP as well as the VBI expressed larval globin mRNA (Figs.
–3) in embryos and early larvae of H. retardatus. This
xpression pattern means that hematopoietic cells of the
LP differentiate in situ into RBCs, indicating that not only
he VBI but also the DLP is a source of primitive erythroid
ells. Thus, it seems true that species-specific differences
ccur even in vertebrates with respect to primitive and
efinitive populations.
Some DLP Cells Contribute to Definitive
Erythropoiesis
In order to obtain further information about hematopoi-
esis in H. retardatus, we have isolated GATA-3 cDNAs and
analyzed gene expression patterns. GATA-3 was originally
discovered as a gene expressed in T-cell lineage hematopoi-
etic cells in chicken (Yamamoto et al., 1990). We tenta-
tively regarded GATA-3 as a marker of definitive hemato-
poietic cells for the reasons described below. First, GATA-3
knock-out mice have a defect affecting definitive hemato-
poiesis, although primitive hematopoiesis occurs normally
even in such mice (Pandolfi et al., 1995; Ting et al., 1996).
econd, GATA-3 gene expression in RBCs increases at the
ime of the Hb transition in chicken (Leonard et al., 1993).
hird, GATA-3 is expressed in the DLP, but not in the VBI,
t tailbud stage in X. laevis (Bertwistle et al., 1996). In
ynobius retardatus, the GATA-3 gene was expressed as
arly as stage-38 embryos, but it was not expressed in RBCs
f larvae at 20 days after hatching (data not shown). These
ndings suggest that the GATA-3 gene works at the early
tages of development but not at later stages. In situ
ybridization convincingly demonstrated that the GATA-3
ene was expressed in the DLP but not in the VBI or
eripheral blood at stage 39 (Fig. 5). These facts may imply
hat some DLP cells contribute to erythropoiesis at early
tages of development, while others are set aside in an
ndifferentiated state for hematopoiesis at later stages. In
s of reproduction in any form reserved.
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213Erythropoiesis in the Salamanderother words, the DLP cells set aside in an undifferentiated
state may have more definitive characteristics. These ex-
planations are consistent with the concept that primitive
erythropoiesis occurs in cells of the VBI and in some cells of
the DLP, but that other DLP cells are reserved during
embryogenesis for future definitive erythropoiesis.
To confirm further the origin of the primitive and defini-
tive erythroids, it seems absolutely necessary to perform
lineage tracing experiments as carried out in X. laevis and
. pipiens. If such experiments are achieved, we can deter-
FIG. 9. Two consecutive sections of the spleen of the contro
metamorphosis-arrested animal 90 days after hatching (C, D). The s
and Mab-HbA (B, D). In the control, erythroid cells stained posi
antibodies. In the goitrogen-treated, metamorphosis-arrested anim
almost identical to the number stained with mixed antibodies. Baine the origin of peripheral blood at any stages and
Copyright © 2001 by Academic Press. All righthether the VBI contributes to the definitive cells as in X.
aevis or not. At present, however, we have not succeeded
n such experiments in H. retardatus because the embryos
re very labile to handling or operating and are limited only
o early spring season to be obtained. We will overcome the
echnical difficulties and perform alternative transplanta-
ions of the fluorescence-labeled DLP and VBI in the next
reeding season. Because it has been reported that the VBI
ells differentiate to definitive RBCs (Maeno et al., 1985a)
ut do not express GATA-3 (Bertwistle et al., 1996) in X.
mal 60 days after hatching (A, B) and of the goitrogen-treated
ns were stained with Pab-HbL (A, C) or mixed antibodies, Pab-HbL
with Pab-HbL are much fewer than those stained with mixed
owever, the number of erythroid cells stained with Pab-HbL is
mm.l ani
ectio
tively
al, hlaevis, the use of GATA-3 as a marker of definitive hema-
s of reproduction in any form reserved.
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214 Yamaguchi and Wakaharatopoiesis is tentative. Thus, it will be helpful to analyze the
expression of other hematopoietic markers, such as c-myb,
SCL, and GATA-2 to clarify more the origin of the defini-
tive RBCs in H. retardatus. Whereas we have not cloned
hese genes yet, we have proved definitive RBCs emerge at
etamorphic stage, by subtracting the number of RBCs
xpressing larval Hb from the total number of RBCs (dis-
ussed later).
A Possible Cellular Mechanism of Hb Transition
in H. retardatus
As mentioned above, hematopoietic cells of vertebrates
are categorized as either primitive or definitive, based on
the timing and site of their development, their morphology,
and the production of specific types of globins (Zon, 1995).
In H. retardatus, however, it has been demonstrated con-
incingly that the Hb transition from the larval to the adult
ype occurs within a single erythroid population, and thus
e have proposed an Hb switching model (Yamaguchi and
akahara, 1997; Yamaguchi et al., 2000). What does defini-
tive blood mean in such a species in which the Hb transi-
tion takes place by means of Hb switching in a single
erythroid-cell population? According to our model (Fig. 11),
the Hb transition initially occurs within single primitive
erythroid cells, derived from either the VBI or DLP, much
earlier than morphological metamorphosis (Yamaguchi et
al., 2000), and depending on pituitary activity rather than
on thyroid activity (Satoh and Wakahara, 1997, 1999). Even
the primitive erythroid cells could finally express adult Hb
by switching Hb genes from the larval to the adult type
within every single cell. In addition, definitive erythroid
cells originating from cells of the DLP set aside or reserved
for later ontogenesis proliferate and differentiate to express
only adult globin during metamorphosis in response to
FIG. 10. Percentages of erythroid cells expressing only adult Hb to
total number of cells are compared between controls and goitrogen-
treated animals. The number of erythroid cells that express only
adult Hb was estimated as described under Materials and Methods.
Approximately 50% of RBCs express only adult Hb in the spleen of
the control animals 60 days after hatching. In the goitrogen-treated,
metamorphosis-arrested animals (TU-SPC) 90 days after hatching,
however, only about 25% of RBCs express adult Hb exclusively,
although the degree of completion of the Hb transition of these
animals is almost identical to that of the control animals 60 days
after hatching (Fig. 8). The difference between the two is significant
(P , 0.05).thyroid hormones. This tentative model of erythropoiesis
Copyright © 2001 by Academic Press. All rightn H. retardatus is compared with cellular mechanisms of
rythropoiesis in X. laevis and zebrafish in Fig. 11.
There are several lines of indirect as well as direct
vidence supporting this hypothetical model. First, the Hb
ransition was clearly more accelerated in T3-treated, pre-
ociously metamorphosed animals than in either the con-
rols or the goitrogen-treated animals (Fig. 6A). On the other
and, although the Hb transition in goitrogen-treated,
etamorphosis-arrested larvae started at almost the same
ime as in the controls, the completion of the transition was
elayed in the goitrogen-treated to some extent (Fig. 6B;
FIG. 11. Tentative model showing the hematopoietic sites that
contribute to primitive and definitive erythropoiesis and the cel-
lular mechanism of Hb transition from the larval to the adult type
in H. retardatus compared with a bony fish (zebrafish) and an
anuran amphibian (Xenopus laevis). The sites from which primi-
tive blood arises are shown by red, and those from which definitive
blood arises are shown by blue. In the zebrafish embryo, the
intraembryonic ICM is a source of primitive blood, and the cells of
the posterior ICM may contribute to definitive hematopoiesis. On
the other hand, primitive erythropoiesis in X. laevis occurs in the
VBI, and the DLP (intraembryonic) cells remain undifferentiated
until later for definitive hematopoiesis. The H. retardatus embryo
also has two distinct hematopoietic sites, the VBI and DLP. The
DLP cells of H. retardatus, however, differentiate in situ to RBCs
containing larval globin. Occurring much earlier than morphologi-
cal metamorphosis, the Hb transition initiates within a single
erythroid-cell population, depending on pituitary factor(s). During
metamorphosis, RBCs of another lineage from the DLP, which
come to express only adult Hb, begin to proliferate and differentiate
in response to thyroid hormones. Pink triangles indicate larval Hb
and orange squares indicate adult Hb.
s of reproduction in any form reserved.
215Erythropoiesis in the SalamanderArai and Wakahara, 1993; Wakahara and Yamaguchi, 1996;
Satoh and Wakahara, 1997). These observations are consis-
tent with the concept that the Hb transition takes place
initially in primitive erythroid cells, which express larval
Hb at first and later begin to express adult Hb indepen-
dently of thyroid hormones, and later in definitive erythroid
cells, which express only adult Hb and differentiate during
a later phase of the transition in response to thyroid
hormones. Second, when metamorphosing larvae were
treated with PHZ to induce anemia and then bled at a
postmetamorphic stage after they had recovered from the
anemia, a precocious Hb transition was observed in these
animals (Fig. 7), although no precocious transition was
observed if blood was collected from the larvae before
metamorphosis (Yamaguchi et al., 2000). This finding also
suggests that RBCs expressing only adult Hb, i.e., definitive
RBCs, proliferate and differentiate during and after meta-
morphosis. We consider that PHZ treatment reduces the
number of mature primitive RBCs in metamorphosing
larvae, and that 20 days after the treatment, only definitive
but not primitive erythroid cells proliferate in response to
thyroid hormones. On the other hand, the number of
primitive RBCs in the controls does not decrease. As a
result, the Hb transition in PHZ-treated animals might
progress faster than in the controls. If blood is collected
before metamorphosis, definitive RBCs will not have
emerged yet, and no precocious transition occurs (Yamagu-
chi et al., 2000). Third, the number of RBCs expressing only
adult Hb, which must be definitive, was significantly larger
in controls than in the goitrogen-treated, metamorphosis-
arrested animals (Figs. 9 and 10), even though there were no
differences in the degree of completion of the Hb transition
between controls and goitrogen-treated animals (Fig. 8).
This observation suggests that RBCs that possess only adult
Hb proliferate in the control animals but not in the
metamorphosis-arrested larvae because of the latter’s lack
of thyroid hormones. The next step of the study will be to
clarify molecular mechanisms causing the larval Hb gene to
be down-regulated and the adult Hb gene to be up-regulated
as well as the chemical nature of pituitary factor(s) affecting
Hb conversion in this species (Satoh and Wakahara, 1997,
1999).
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